Recent studies have demonstrated a previously unrecognized contribution of T-type Ca 2ϩ channels in peripheral sensory neurons to pain sensation (nociception). However, the cellular mechanisms underlying the functions of these channels in nociception are not known. Here, in both acutely dissociated and intact rat dorsal root ganglion neurons, we characterize a novel subpopulation of capsaicin-and isolectin B 4 -positive nociceptors that also expresses a high density of T-type Ca 2ϩ currents. Using these "T-rich" cells as a model, we demonstrate that the endogenous reducing agent L-cysteine lowers the threshold for nociceptor excitability and induces burst firing by increasing the amplitude of T-type currents and shifting the gating parameters of T-type channels. These findings, which provide the first direct evidence of T-type Ca 2ϩ channel involvement in the control of nociceptor excitability, suggest that endogenous T-type channel agonists may sensitize a unique subpopulation of peripheral nociceptors, consequently influencing pain processing under normal or pathological conditions.
Introduction
It is generally known that peripheral pain transmission can be influenced by naturally occurring substances having the ability to decrease the threshold for pain fiber activation. The electrophysiological correlates of these altered pain responses, or sensory plasticity, collectively termed sensitization, include lower thresholds for activation, increased frequency of firing in response to suprathreshold stimuli, and spontaneous firing (Levine et al., 1993; Caterina and Julius, 2001; Bhave and Gereau, 2004) . When nociceptors are in a heightened state of sensitivity, they often respond to normally innocuous stimuli by producing pain (allodynia) and to normally painful stimuli in an exaggerated manner (hyperalgesia). Although it is known that sensitization of nociceptors contributes to various pain pathologies, the precise cellular mechanisms underlying sensitization are unclear. Previous studies have demonstrated that the endogenous reducing agent L-cysteine augments T-type currents in nociceptive neurons in vitro (Todorovic et al., 2001 ) and produces peripheral sensitization to thermal and mechanical stimuli in vivo (Todorovic et al., 2001 (Todorovic et al., , 2004a . Despite these interesting findings, the precise contributions of T-type channels to nociception remain elusive.
In vitro studies have described the presence of T-type currents in small dorsal root ganglion (DRG) cells (Schroeder et al., 1990; Scroggs and Fox, 1992; , most of which are nociceptors (Levine et al., 1993; Snider and McMahon, 1998; Caterina and Julius, 2001) . More recent functional studies have also indicated that T-type channels contribute to nociception, suggesting that these channels may amplify pain signals from the periphery (Todorovic et al., 2001 (Todorovic et al., , 2004a Bourinet et al., 2005) . Because T-type Ca 2ϩ channels act over a range of membrane potentials near the resting potential of many cells, it has been suggested that these channels may influence pain sensation by altering the excitability parameters of nociceptors. However, this intriguing hypothesis has not been demonstrated conclusively.
In the present study, we characterize a novel subpopulation of small capsaicin-sensitive and isolectin B 4 (IB 4 )-positive DRG cells that expresses prominent T-type currents ("T-rich" cells). We show in these cells that L-cysteine lowers the threshold for excitability and induces T-type Ca 2ϩ channel-dependent burst firing. Finally, we use a combination of electrophysiological and computer-modeling methods to demonstrate that the L-cysteineevoked enhancement of excitability may be the result of gating shifts in the availability of T-type channels for activation. This study therefore provides the first direct demonstration of T-type Ca 2ϩ channel involvement in the control of nociceptor excitability. Our results also suggest that endogenous T-type Ca 2ϩ channel agonists may sensitize a distinctive subpopulation of peripheral nociceptors, consequently influencing pain processing under normal or pathological conditions.
Materials and Methods
Acutely dissociated DRG neurons. Dissociated DRG cells were prepared from adolescent albino Sprague Dawley rats (60 -150 g) and used within 8 h for whole-cell recordings as described previously . In brief, 10 -12 DRGs from thoracic and lumbar regions were dissected and incubated at 36°C for 60 min in Tyrode's solution containing (in mM) 140 NaCl, 4 KCl, 2 MgCl 2 , 2 CaCl 2 , 10 glucose, and 10 HEPES, adjusted to pH 7.4 with NaOH, and supplemented with 2 mg/ml collagenase H (Roche, Indianapolis, IN) and 5 mg/ml dispase I (Roche). After incubation, ganglia were washed three times with Tyrode's solution at room temperature. Single neuronal somata were then obtained at room temperature by a series of triturations through three glass pipettes fire-polished to progressively decreasing diameters. Using this method, we were able to exclude most large (Ͼ45 m) cells, most of which contribute little to nociception. For recordings, cells were plated onto an uncoated glass coverslip, placed in a culture dish, and perfused with external solution. All data were obtained from isolated cells without visible processes. All experiments were done at room temperature. We routinely observed small, T-rich, and medium cells in the same preparation (see Fig.  1 ). Varying the time of enzymatic treatment or the age of the animal (up to 6 months) did not significantly alter the percentage of each subtype observed or the effects of any drugs on T-type currents (data not shown).
Intact DRG preparation. DRGs were dissected with partial segments of both the peripheral nerve and spinal roots attached. Whole ganglia were then incubated at 36°C for 90 min in Tyrode's solution supplemented with 2 mg/ml collagenase H and 5 mg/ml dispase I. After incubation, ganglia were washed three times with Tyrode's solution at room temperature, and the overlying sheets of connective tissue were carefully removed. For recording, ganglia were transferred to a recording chamber and held in place with a platinum wire grid. The weight of the grid flattened ganglia, allowing visualization of individual cells along most of the periphery. Leaving segments of the peripheral nerves and spinal roots attached increased the contact area with the grid, resulting in greater stability for recording. Ganglia were visualized with an infrared differential interference contrast camera (C2400; Hammamatsu, Hammamatsu City, Japan) on a Zeiss (Jena, Germany) 2 FS Axioscope with a 40ϫ lens. In this preparation, we again observed small, T-rich, and medium cells as well as many large cells previously excluded by the mechanical trituration process.
Electrophysiology. Recordings were made using standard whole-cell techniques. Electrodes were pulled from borosilicate glass microcapillary tubes (Drummond Scientific, Broomall, PA) and had resistances from 1 to 3 M⍀ when filled with internal solution. We made recordings using an Axopatch 200B patch-clamp amplifier (Molecular Devices, Foster City, CA). Voltage and current commands and digitization of membrane voltages and currents were controlled using a Digidata 1322A interfaced with Clampex 8.2 of the pClamp software package (Molecular Devices), running on an IBM-compatible computer. We analyzed data using Clampfit (Molecular Devices) and Origin 7.0 (Microcal Software, Northampton, MA). Currents were low-pass filtered at 2-5 kHz. Series resistance (R s ) and capacitance (C m ) values were taken directly from readings of the amplifier after electronic subtraction of the capacitive transients. Series resistance was compensated to the maximum extent possible (usually 50 -80%). In some experiments, we used a P/5 protocol for on-line leak subtractions. Action potentials were recorded in the fast current-clamp mode.
Multiple independently controlled glass syringes served as reservoirs for a gravity-driven local perfusion system. Manually controlled valves accomplished switching between solutions, except for applications of capsaicin and ATP, when we used electronically controlled valves (Valvelink 8; AutoMate Scientific, San Francisco, CA) for fast drug applications. Solution exchange was accomplished by constant suction through a glass capillary tube at the opposite end of the recording dish. All drugs were prepared as stock solutions: 1 mM TTX; 10 mM capsaicin, ATP, serotonin (5-HT), (3␤,5␣,17␤)-17-hydroxyestrane-3-carbonitrile (ECN), and (3␤,5␤,17␤)-3-hydroxyandrostane-17carbonitrile (3␤OH); 100 mM L-cysteine, mibefradil, and Ni 2ϩ ; and 300 mM 5,5Ј-dithio-bis-(2-nitrobenzoic acid) (DTNB). The drugs were freshly diluted to the appropriate concentrations at the time of the experiments. TTX, ATP, 5-HT, L-cysteine, and Ni 2ϩ were prepared in H 2 O. L-Cysteine was used within 30 min of the final dilution because of instability resulting from spontaneous oxidation in the presence of trace-metal ions. Capsaicin, ECN, 3␤OH, mibefradil, and DTNB were prepared in DMSO. The maximal concentration of DMSO in any one experiment was 0.5%. At this concentration, DMSO has no effect on Ca 2ϩ currents or membrane potential (Todorovic et al., 2001 Immunohistochemistry. After the positive identification of a T-rich cell by I-V signature, we exchanged the Ca 2ϩ current-isolating external solution for Tyrode's solution supplemented with 10 g/ml IB 4 (Sigma) (Stucky and Lewin, 1999) conjugated to green fluorescein isothiocyanate (FITC) (Sigma). The dish was then incubated in the dark for 10 -12 min and subsequently rinsed three times with Tyrode's solution. Cells were visualized using a standard FITC filter. Only cells with an intense halo of stain around the plasma membrane were considered to be positive. Only one round of staining was done per dish. Classification of cells as positive or negative was made by an investigator blinded to the I-V signature of the cell.
Analysis. Unless indicated otherwise, statistical comparisons were made using Student's t tests. All data are expressed as means Ϯ SEM. The percentage reductions in peak current at various Ni 2ϩ concentrations were used to generate a concentration-response curve. Mean values were fit to the following Hill function:
where PB max is the maximal percentage block of peak current, IC 50 is the concentration that produces 50% inhibition, and n is the apparent Hill coefficient for blockade. The fitted value is reported with 95% linear confidence limits. The kinetics of current activation and inactivation were determined by fitting I-V waveforms with the following function (Hodgkin and Huxley, 1952) :
where A is a scaling factor, m is the time constant of activation, n is the number of particles involved in the activation process, and h is the time constant of inactivation. The voltage dependencies of activation and steady-state inactivation were described with single Boltzmann distributions of the following forms:
Inactivation:
In these forms, I max is the maximal activatable current, V 50 is the voltage in which half of the current is activated or inactivated, and k is the voltage dependence (slope) of the distribution.
Computer modeling. The NEURON model uses mathematical descriptors of ionic conductances to calculate whether a channel is open as a function of voltage by applying Hodgkin-Huxley-type equations. Our simulations used the three-compartment, current-clamp version of this model as originally described for thalamocortical neurons (Destexhe et al., 1998) . The maximum permeability of T-type channels was left as in the original model. The experimentally determined values of T-type currents in T-rich cells (see Fig. 7 ) were then used to replace the existing parameters for T-type channels in the model. The model was also corrected post hoc for a liquid junction potential (Ϫ7.7 mV) (see Fig. 7 for uncorrected data) and surface charge screening [Ϫ12.3 mV (Wilson et al., 1983) ]. Experimental data were collected at ϳ24°C, and the simulations were at 36°C; the model accounts for this difference using previously determined Q 10 values (Coulter et al., 1989) .
Results

T-rich cells represent a novel subtype of sensory neurons
The majority of nociceptive DRG fibers originate as free nerve endings in the skin; their central processes terminate in the dorsal horn of the spinal cord. However, their small size precludes any direct electrophysiological assessment of peripherally and centrally located ion channels that may contribute to nociception. Thus, cell bodies in the DRG, which can be easily isolated for electrophysiological examination, are often used as in vitro models to study nociception and other forms of sensory processing.
Several studies have documented differences in voltage-gated Ca 2ϩ current (VGCC) expression between distinct subpopulations of acutely dissociated DRG neurons. Nearly all DRG cells contain HVA currents (Scroggs and Fox, 1992) , which are thought to have an important function in synaptic transmission (Miller, 1998; Catterall, 2000) . However, expression of T-type Ca 2ϩ current is more heterogeneous between large (Ͼ45 m in diameter), medium (32-45 m), and small (20 -30 m) DRG cells (Scroggs and Fox, 1992) . Based on studies using intact DRGperipheral nerve preparations, it is generally thought that most small and some medium DRG cells contribute to nociception (Lee et al., 1986) . Thus, we restricted our experiments to cells Ͻ45 m in diameter (n ϭ 295).
To assess the variety of VGCCs present in each subtype, we collected I-V data by voltage clamping cells at Ϫ90 mV and applying a series of depolarizing steps from Ϫ80 to ϩ50 mV in 5 mV increments. Small cells expressed moderate (up to 1.5 nA) T-type currents at hyperpolarized potentials and large HVA currents at more depolarized potentials (Fig. 1 A) . Medium cells expressed very large (up to 7 nA) T-type currents and equally prominent HVA currents (Fig. 1C ). These results are very similar to those reported previously for small and medium cells (Schroeder et al., 1990; Scroggs and Fox, 1992) . Interestingly, we also observed a subset of small cells (26 -31 m) with large T-type currents (up to 3 nA) but virtually no HVA currents throughout the entire range of examined potentials (Fig. 1 B) . We compared these unique small cells, which, for clarity, we designated as T-rich, with classically described small and medium cells.
To analyze I-V relationships across all examined potentials, peak currents were normalized, averaged, and plotted versus test potential. The I-V curves for small and medium cells peaked at Ϫ5 and Ϫ10 mV, respectively, illustrating the contribution of substantial HVA currents ( Fig. 1 D, F ) . Conversely, the I-V curve for T-rich cells showed a substantial leftward shift to more hyperpolarized potentials and a peak at Ϫ30 mV, reflecting the predominance of T-type currents in these cells (Fig. 1 E) .
To more accurately determine the relative amounts of T-type and HVA current present in each subtype, we measured the peak current elicited from holding (V h ) and test potentials (V t ) that produced near-maximal activation of T-type or HVA currents and, at the same time, biased one current type over the other ( Fig.  1G-I ). We then calculated the individual current density ratios of T-type currents (V h ϭ Ϫ90, V t ϭ Ϫ40 mV) to HVA currents , and medium (R s ϭ 2.3 M⍀, C m ϭ 38.5 pF) cells, by voltage steps from Ϫ90 mV (V h ) to Ϫ80 (V t ) through ϩ30 mV in 10 mV increments. Note that in small and medium cells, both T-type (rapidly inactivating) and HVA (slowly inactivating) currents are present but that in T-rich cells, the currents are almost exclusively of the T type. The I-V curve for medium cells also displays a characteristic shoulder (Scroggs and Fox, 1992) at hyperpolarized potentials because of the influence of very large T-type currents. Recordings were made in a single dish. For consistency in classification, a cell was only considered T-rich only if it possessed Ͻ300 pA of noninactivating current at the end of the V t of 0 mV. D-F, Normalized peak currents activated at the indicated test potentials. All points are the mean values from 24, 49, and 30 cells, respectively. G-I, Representative traces showing the currents evoked from the indicated V h and V t in representative small (G; R s ϭ 1.9 M⍀, C m ϭ 17.3 pF), T-rich (H; R s ϭ 3.4 M⍀, C m ϭ 27.2 pF), and medium (I; R s ϭ 3.3 M⍀, C m ϭ 39.0 pF) cells. J-L, Representative current-clamp traces showing APs elicited at the indicated membrane potentials. We held cells at relatively hyperpolarized potentials at which ADP is prominent (Ϫ75 to Ϫ90 mV) by constant-current injection and applied 1 ms, 3-5 nA depolarizing pulses to elicit APs. We used this brief pulse to avoid contaminating APs and ADPs with the stimulus waveform. M, Histogram showing the density ratio of T-type to HVA currents for a total of 65 small, T-rich, and medium cells (n ϭ 23, 15, and 27 cells, respectively). Peak T-type currents in small cells averaged 539 Ϯ 61 pA (25 Ϯ 2 pA/pF); peak HVA currents averaged 4269 Ϯ 518 pA (209 Ϯ 27 pA/pF) (n ϭ 23). Medium cells averaged 3804 Ϯ 263 pA (115 Ϯ 7 pA/pF) of peak T-type current and 4492 Ϯ 318 pA (137 Ϯ 10 pA/pF) of peak HVA current (n ϭ 27). In contrast, peak T-type currents in T-rich cells averaged 2525 Ϯ 262 pA (93 Ϯ 8 pA/pF), whereas peak HVA averaged just 237 Ϯ 53 pA (9 Ϯ 2 pA/pF) (n ϭ 15). Horizontal calibration bars: A-C, G-I, 25 ms; J-L,10 ms. Vertical calibration bars: A-C, G-I, 750 pA; J-L, 20 mV.
(V h ϭ Ϫ50, V t ϭ 0 mV) in these cells (n ϭ 65) (Fig. 1 M) . Medium cells had an average T-type versus HVA current density ratio of 1.0 Ϯ 0.1, reflecting a nearly equal contribution of T-type and HVA currents to total Ca 2ϩ current. Small cells had a ratio of 0.20 Ϯ 0.03, reflecting a larger contribution of HVA versus T-type currents. In contrast, T-rich cells had an average ratio of 13 Ϯ 2, illustrating the vast prevalence of T-type over HVA currents in these cells. Thus, T-rich cells are easily distinguished from medium cells on the basis of size and from both medium and previously described small cells by the level of HVA Ca 2ϩ current expression.
Next we performed whole-cell, current-clamp experiments to examine the shape of the action potential (AP) in T-rich cells and to determine whether these cells also exhibit afterdepolarizing potentials (ADPs). Such potentials have been demonstrated previously only in some subsets of medium DRG cells (White et al., 1989) . Small cells displayed broad APs (3.40 Ϯ 0.04 ms duration measured at half-peak amplitude; n ϭ 16) and no visible ADPs (Fig. 1 J) . In contrast, both T-rich cells (AP width, 1.20 Ϯ 0.04 ms; n ϭ 15) and medium cells (AP width, 0.96 Ϯ 0.06 ms; n ϭ 15) displayed narrower APs and prominent ADPs ( Fig. 1 K, L) . To ensure correct cell identification in these experiments, we always obtained I-V data in Ca 2ϩ current-isolating external solution after AP recording in current-clamp mode.
Intact DRG neurons have long afferent processes that are removed during mechanical dissociation. Thus, we asked whether the population of non-HVA-containing (T-rich) DRG cells could be explained by the loss of these processes in which HVA channels might be located. To address this possibility, we examined VGCCs in whole-cell recordings from an intact DRG preparation in which currents reflect both somatic and peripherally located channels. Figure 2, A and B, demonstrate that T-rich cells exist in intact DRG neurons in the same size range as those we observed in our dissociated preparations. T-type currents were present at negative membrane potentials, whereas stronger depolarizations elicited few, if any, sustained HVA currents.
The I-V distribution for T-rich cells in our whole-ganglia experiments (Fig. 2C) closely resembled the curve we obtained for dissociated T-rich cells (Fig. 1 E) . We also found that L-cysteine, an endogenous reducing agent and T-type channel agonist in sensory neurons (Todorovic et al., 2001) , increased peak T-type current in intact T-rich cells by 47 Ϯ 4% (n ϭ 4; p Ͻ 0.01) (Fig. 2 D) . Because we were primarily interested in T-rich cells, we focused our experiments on intact DRGs to cells 26 -31 m. However, it is important to note that we also recorded several intact cells in the small (n ϭ 7) and medium (n ϭ 8) size range that contained both T-type and prominent HVA Ca 2ϩ currents, indicating that they were very likely the same subtypes of small and medium cells we and others have observed in acutely dissociated preparations (data not shown). Together, these data indicate that acutely dissociated DRG cells accurately reflect the population of VGCCs expressed in intact DRGs. Furthermore, mechanical dissociation did not seem to alter the effects of reducing agents on T-type currents. However, as expected, drug delivery and voltage clamp were both compromised in intact preparations. For these reasons, we continued our detailed characterization of T-rich cells using acutely dissociated cells.
T-rich cells display nociceptive characteristics
Because T-rich cells are the same size as many nociceptors, we conducted experiments to determine whether these cells also express nociceptive characteristics. We first assayed for responsiveness to capsaicin, a principal marker of nociceptive function (Levine et al., 1993; Caterina and Julius, 2001 ). In voltage-clamp experiments, 89% (n ϭ 19) of T-rich cells responded to 1 M capsaicin, with an average inward current of 618 Ϯ 132 pA (Fig.  3A, bottom trace) . In current-clamp experiments, we also found that capsaicin depolarized T-rich cells (83%; n ϭ 18) by 14 Ϯ 6 mV (Fig. 3A, top trace) . ATP has also been linked to pain, where it is believed to excite nociceptors after release from damaged tissues (McCleskey and Gold, 1999) . All T-rich cells examined responded to 100 M ATP with an average peak inward current of 805 Ϯ 167 pA (n ϭ 6) (Fig. 3B, bottom trace) and an average depolarization of 13 Ϯ 2 mV (n ϭ 11) (Fig. 3B, top trace) .
The effect of 5-HT on DRG cells varies between different subpopulations. In larger, faster-conducting A␣-and A␤-cells, 5-HT almost exclusively elicits depolarizing effects on membrane potential (Todorovic and Anderson, 1992; Cardenas et al., 1999) . In contrast, experiments using intact DRG-sciatic nerve preparations have shown that in smaller, slower-conducting A␦-and C-cells, 5-HT preferentially elicits hyperpolarizing effects on membrane potential (Todorovic and Anderson, 1992) . Consistent with these findings, we observed hyperpolarizing responses to 10 M 5-HT in the majority (60%) of T-rich cells (n ϭ 20), with an average hyperpolarization of 9 Ϯ 1 mV (Fig. 3C) . In current-clamp experiments using our AP stimulus, 5-HT was often able to hyperpolarize the membrane to levels that produced a deinactivation of T-type channels, as evidenced by unmasking of the ADP after the application of 5-HT (Fig. 3D) . We examined the effects of 5-HT in voltage clamp and found no change in T-type current, suggesting that the effects of 5-HT on ADP are independent of any direct effect on T-type channels (n ϭ 4) (Fig. 3E) .
Nociceptors can also be classified by whether or not they bind the IB 4 from Griffonia simplicifoilia. Binding of IB 4 has been observed in subsets of both A␦-and C-type nociceptors, as well as capsaicin-and ATP-positive cells (Stucky and Lewin, 1999; Petruska et al., 2000 Petruska et al., , 2002 . Accordingly, we stained T-rich cells with IB 4 after identification on the basis of I-V signature and found that the majority (76%) of T-rich cells (n ϭ 17) were IB 4 positve (Fig. 3F ) .
Because T-rich cells express such distinct voltage-and current-clamp profiles, we conducted experiments to assess whether the T-type currents in these cells respond to antagonists and agonists in the same manner as described previously for T-type currents in other nociceptive cells. T-type currents in T-rich cells were completely and reversibly blocked by Ni 2ϩ , with a half-maximal block concentration (IC 50 ) of 29 Ϯ 4 M (n ϭ 10; Hill coefficient, 1.09 Ϯ 0.1; 95% block with 300 M; data not shown). Conversely, L-cysteine reversibly increased peak T-type currents approximately twofold (81 Ϯ 9%; p Ͻ 0.001; n ϭ 29) in all T-rich cells tested, with a threshold around 10 M and maximal effects near 100 M (data not shown).
T-type Ca
2؉ currents modulate the excitability of T-rich cells Although T-type channels have been implicated as influencing the excitability of many CNS neurons and some medium (White et al., 1989) , presumably mechanoreceptive (Dubreuil et al., 2004) , DRG cells, the role of these channels in the excitability of smaller capsaicin-and IB 4 -positive cells has not been defined. This is of interest because changes in nociceptor excitability are thought to contribute to changes in pain sensation (Caterina and Julius, 2001 ). To address this question, we conducted currentclamp experiments on T-rich cells, which besides being small and capsaicin and IB 4 positive express virtually no HVA channels, and thus provide an added dimension of experimental control. L-Cysteine reversibly increased both the height (44 Ϯ 4%) and width (53 Ϯ 7%) of the ADP in all T-rich cells tested (n ϭ 31; p Ͻ 0.001), with no visible effects on the initial AP spike (Fig. 4 A) . In addition, several T-rich cells fired in bursts after application of L-cysteine, demonstrating that in some cases, the augmented ADP resulted in a directly visible increase in somatic excitability (Figs. 4 A, 5A, B,E ). Switching to a Ca 2ϩ -free external solution abolished the ADP, even in the continued presence of L-cysteine (n ϭ 4) (Fig. 4 B) . In the presence of 500 nM tetrodotoxin (TTX) (used to partially isolate the ADP from the AP), L-cysteine increased both the height (46 Ϯ 17%) and width (69 Ϯ 19%) of the ADP (n ϭ 4; p Ͻ .01) (Fig. 4C) . Importantly, the effects of L-cysteine were independent of any shift in membrane potential or input resistance (R I ϭ 343 Ϯ 75 M⍀ for control and 345 Ϯ 69 M⍀ with L-cysteine; p Ͼ 0.05; n ϭ 7).
In our experiments, T-rich cells had an average resting membrane potential of Ϫ64 Ϯ 5 mV (n ϭ 85). Thus, we wanted to examine the ADP and the effects of L-cysteine at more physiological membrane potentials. As expected for a T-type channeldependent phenomenon, the ADP was visible between membrane potentials of approximately Ϫ60 and Ϫ100 mV, with the size decreasing at the more depolarized potentials. L-Cysteine increased the ADP at all examined potentials and at Ϫ55 mV often produced a small depolarizing potential where there was none in control (Fig. 4 D) .
To assess the effects of L-cysteine on APs more directly, we conducted experiments on other small DRG cells with minimal T-type currents and thus no ADP. Figure 4 E shows that in these cells, L-cysteine had no effect on AP shape, membrane potential, or R I , even at fivefold increased concentrations (n ϭ 6). This suggests that L-cysteine has little or no effect on the voltage-gated Na ϩ and K ϩ channels underlying the AP spike. We next examined whether T-type channel antagonists and modulators could reverse the effects of L-cysteine: 100 M Ni 2ϩ (White et al., 1989; , 1 mM DTNB (Todorovic et al., 2001) , 10 M ECN , 1 M 3␤OH (Todorovic et al., 2004b) , and 1 M mibefradil (Todorovic and Lingle, 1998) are relatively selective for T-type Ca 2ϩ channels over other voltage-gated ion channels in DRG neurons. In addition, our previous studies have shown that DTNB, ECN, 3␤OH, and mibefradil induce analgesia when injected into the peripheral receptive fields of sensory neurons in vivo. Figure 5 shows that application of each of the aforementioned antagonists rapidly reversed the effects of L-cysteine and subsequently blocked the ADP below control levels. Additionally, all antagonists produced a reduction in ADP size when applied in isolation from L-cysteine to the following degrees: Ni 2ϩ , 59 Ϯ 9% (height), 29 Ϯ 7% (width), n ϭ 4, p Ͻ 0.01; DTNB, 48 Ϯ 8%, 36 Ϯ 6%, n ϭ 3, p Ͻ 0.05; ECN, 46 Ϯ 9%, 30 Ϯ 6%, n ϭ 3, p Ͻ 0.05; 3␤OH, 38 Ϯ 9%, 35 Ϯ 15%, n ϭ 3, p Ͻ 0.05; mibefradil, 66 Ϯ 5%, 26 Ϯ 2%, n ϭ 4, p Ͻ 0.01 (data not shown).
Next we assessed whether L-cysteine lowers the threshold for excitability in T-rich cells. Figure 6 A shows the results of a current-clamp experiment in which a reduced stimulus produced only a subthreshold depolarization under control conditions but a full AP and ADP in the presence of 100 M L-cysteine. Ni 2ϩ (100 M) reversed the L-cysteine-evoked AP and blocked the initial depolarization, leaving only the stimulus transient remaining. Figure 6 B shows consecutive segments from a similar experiment in which L-cysteine reversibly increased AP firing from subthreshold levels without shifting membrane potential. In similar experiments on nine T-rich cells, the probability of firing an AP increased to 75 Ϯ 5% with L-cysteine from 10 Ϯ 4% in control ( p Ͻ .001). We excluded any cell with a membrane potential that spontaneously fluctuated Ͼ5 mV over the entire course of an experiment.
L-Cysteine modulates the gating parameters of T-rich cells
In an effort to identify the mechanism underlying the L-cysteineevoked changes in excitability, we conducted voltage-clamp experiments to determine the effects of L-cysteine on various biophysical properties of T-type currents in T-rich cells. We determined the kinetics of current activation and inactivation from fits of a Hodgkin-Huxley model (Eq. 2) to currents elicited during 175 ms depolarizing steps to potentials between Ϫ50 and Ϫ10 mV (holding potential, Ϫ90 mV). L-Cysteine had no significant effect on activation time constants ( h ) (Fig. 7A ) but significantly accelerated inactivation time constants ( m ) over the entire range of examined potentials (Fig. 7B) . For example, at Ϫ50 mV, m was 77 Ϯ 14 ms in controls and 40 Ϯ 7 ms in the presence of L-cysteine (n ϭ 7; p Ͻ 0.01). Furthermore, L-cysteine had very little effect on T-type channel deactivation (Fig. 7C) or reactivation (recovery from inactivation) (Fig. 7D) .
We then examined the effects of L-cysteine on voltagedependent activation and inactivation in T-rich cells. L-Cysteine increased the peak of T-type current over the entire range of examined potentials but had a more prominent effect at negative potentials, causing a hyperpolarizing shift of ϳ5 mV (n ϭ 5; p Ͻ 0.001) in the voltage dependence of activation (Fig. 7E ). In contrast, there was a small depolarizing shift of ϳ2 mV in steadystate inactivation (Fig. 7F ) . Accordingly, L-cysteine evokes an increase in the "window period" (Fig. 7G ) during which T-type channels are available for activation but have not yet been inactivated. The window period is operationally defined as the region of overlap beneath the Boltzmann distributions describing voltage-dependent activation and steady-state inactivation. Thus, in addition to increased peak current, L-cysteine induces changes in the biophysical properties of T-type currents. It is possible that these changes alone could alter the excitability of T-rich cells. To examine the functional impact of the L-cysteineinduced gating shifts on excitability more closely, we modified a well established version of the NEURON model (Destexhe et al., 1998) to incorporate the biophysical parameters of T-type currents from T-rich cells. We then ran current-clamp simulations of subthreshold excitability, using a protocol similar to those in our in vitro current-clamp experiments. Under control conditions, the model predicted only a subthreshold potential. However, when the model was adjusted to reflect the sum gating effects of L-cysteine, the same stimulus was predicted to result in the firing of an AP (Fig. 7H ). This prediction is nearly identical to the results we observed in our current-clamp experiments in both the absence and presence of L-cysteine. We then adjusted the model to reflect only the L-cysteine-evoked increase in window period, with all other parameters unchanged. Under these conditions, the model again predicted the firing of an AP with L-cysteine. These data indicate that T-type channels influence T-rich cell excitability and suggest that the effects of L-cysteine on voltage-dependent activation alone may be sufficient to lower the threshold for excitability in these cells. Similar to our current-clamp experiments, our model simulations did not predict any L-cysteine-evoked membrane depolarization. This is somewhat intriguing, because an increase in window period would also be predicted to lead to an increase in steady-state window current and, potentially, membrane depolarization. However, T-type window currents are thought to be very small in amplitude (Perez-Reyes, 2003) and would likely result in only minor changes in membrane potential below the level of intrinsic fluctuations (usually between 0.5 and 2 mV, but up to 5 mV) that occur during even the most stable currentclamp recordings. Additionally, window currents are steady-state currents that build over time, but in our experiments, the effects of L-cysteine are rapid. We did not test the possibility that prolonged exposure to L-cysteine might induce small membrane depolarizations. Similarly, modeling does not take into account the duration of agonist application.
Discussion
Here, we have demonstrated that T-rich cells represent a novel subpopulation of T-type channel-containing peripheral nociceptors. T-rich cells express abundant T-type currents but virtually no HVA currents. To the best of our knowledge, this property is unique and distinguishes these cells from any previously described subpopulation of DRG neurons. This property also suggests that T-type channels are, overwhelmingly, the dominant routes of Ca 2ϩ entry into these cells. T-rich cells express a unique AP waveform within small DRG cells, the most prominent feature of which is a T-type channeldependent ADP that is visible between membrane potentials of approximately Ϫ60 and Ϫ100 mV. The ADPs in T-rich cells were abolished in Ca 2ϩ -free recording solution and inhibited by relatively selective antagonists of T-type channels, demonstrating that the ADP is both Ca 2ϩ -and T-type channel dependent. The T-type currents in T-rich cells are sensitive to low concentrations of Ni 2ϩ , with an IC 50 value that is similar to the values reported for other nociceptive DRG cells . In addition, T-rich cells, like most other small T-type channelcontaining DRG cells, are responsive to capsaicin (Cardenas et al., 1995; Todorovic et al., 2001 ) and show a hyperpolarizing response to 5-HT. In contrast, medium DRG cells with prominent T-type currents and ADPs are unresponsive to capsaicin (Cardenas et al., 1995) , show depolarizing responses to 5-HT (Cardenas et al., 1999) , and express a high density of HVA currents (Scroggs and Fox, 1992; Cardenas et al., 1995; Dubreuil et al., 2004) . These findings also support our assertion that T-rich cells are a distinct and unique subpopulation of DRG neurons.
T-rich cells express several principle characteristics of nociceptors, including responsiveness to capsaicin and ATP. The capsaicin-evoked currents we observed in T-rich cells displayed rapid onset and Ca 2ϩ -dependent desensitization, properties that are characteristic of capsaicin-evoked currents in other DRG cells (Todorovic et al., 2001; Petruska et al., 2000 Petruska et al., , 2002 , as well as recombinant cells expressing the capsaicin receptor (Caterina et al., 1997) . The ATP-evoked currents were not only of similar magnitude to those that have been reported in several other nociceptor subpopulations (Petruska et al., 2000 (Petruska et al., , 2002 but also had similar desensitization kinetics. Furthermore, T-rich cells are within the size range (Յ35 m) that comprises the majority of the capsaicin-sensitive and ATP-sensitive nociceptor population (Caterina and Julius, 2001; Petruska et al., 2000 Petruska et al., , 2002 .
A majority of T-rich cells showed a hyperpolarizing response to 5-HT. This has been described previously for capsaicinsensitive A␦-and C-fibers in experiments using sharp electrodes to record from intact DRG-sciatic nerve preparations (Todorovic and Anderson, 1992) . Notably, the 5-HT-evoked hyperpolarization was sufficient to produce deinactivation of T-type channels in most T-rich cells. In CNS neurons, T-type channels are commonly deinactivated after membrane hyperpolarization induced by inhibitory postsynaptic potentials (Perez-Reyes, 2003) . However, a similar mechanism for the deinactivation of T-type channels in DRG neurons has not been described previously. 5-HT is known to be locally present in the DRG, skin, and spinal cord (for review, see Sommer, 2004 ). Thus, it is possible that 5-HT may contribute to membrane hyperpolarization and subsequent deinactivation of T-type Ca 2ϩ channels in vivo. As mentioned above, nociceptors can be subdivided on the basis of their ability to bind IB 4 ; this suggests that subpopulations of nociceptors may have distinct functions (Snider and McMahon, 1998; Stucky and Lewin, 1999) . Although subsets of both IB 4 -negative and -positive cells are believed to respond to noxious chemical, thermal, and mechanical stimuli, recent studies suggest that these subpopulations may contribute differentially to nociception. In general, IB 4 -negative cells project to the most superficial layers of the spinal cord dorsal horn (lamina I and outer lamina II) and appear to be the major effectors of inflammatory pain, releasing their stores of proinflammatory peptides after activation. In contrast, genetic studies suggest that IB 4 -positive, nonpeptidergic nociceptors project primarily to inner lamina II of the dorsal horn and are integral to the development of chronic pain after nerve injury. Because a majority of T-rich cells are IB 4 positive, these cells may represent, at least in part, a cellular substrate for the described contribution of T-type Ca 2ϩ channels to neuropathic pain in animal models (Dogrul et al., 2003; Flatters and Bennett, 2004; Todorovic et al., 2004a; Bourinet et al., 2005) .
We have demonstrated previously that L-cysteine acts as a potent agonist of T-type channels in vitro and induces mechanical and thermal hyperalgesia when injected into peripheral receptive fields in vivo (Todorovic et al., 2001 (Todorovic et al., , 2004a . Here, we continued by demonstrating L-cysteine-evoked enhancement of excitability in T-rich cells. L-Cysteine greatly increased the size of ADPs in T-rich cells, sometimes resulting in a burst of APs crowning the augmented ADP. In addition, L-cysteine significantly lowered the threshold for excitability in T-rich cells, as evidenced by the reduced stimulus necessary to evoke an AP in the presence of L-cysteine. These results provide the first direct evidence that T-type channels contribute to the control of nociceptor excitability in at least one subpopulation of nociceptors and also suggest a possible mechanistic substrate for the hyperalgesic effects of L-cysteine in vivo. In addition, evidence suggests that increased somatic excitability in sensory neurons is important for the initiation and maintenance of central sensitization in to currents activated by test pulses from Ϫ50 to Ϫ10 mV from a V h of Ϫ90 mV (n ϭ 7). Values for n ranged from 1.7 to 3.5. L-Cysteine had little effect on the kinetics of activation. B, Mean inactivation time constants ( m ) determined from fits of Equation 2 to the same currents shown in A. L-Cysteine increased the rate of macroscopic inactivation over the entire range of examined potentials. C, Mean time constants of deactivation determined from single exponential fits of tail currents plotted as a function of membrane potential (n ϭ 10). The effects of L-cysteine on deactivation were examined at the indicated potentials after 20 ms depolarizing steps to Ϫ30 mV. Deactivation tail currents were reasonably well described by single exponential functions over this range. L-Cysteine has little effect on the kinetics of deactivation. D, Mean reactivation (recovery from inactivation) plotted as a function of repolarization time at Ϫ90 mV (n ϭ 7). Normalized data are fit with single exponential functions. Reactivation was examined with a paired-pulse protocol in which a 300 ms step to Ϫ30 mV was first used to inactivate most T-type current. After a variable recovery interval (2-10,000 ms) at Ϫ90 mV, a second step to Ϫ30 mV was used to assay the amount of current that had recovered. The percentage of recovery in the absence and presence of L-cysteine was then plotted as a function of recovery duration and fit with a single exponential function. E, L-Cysteine shifts the voltage dependence of T-type channel activation to more hyperpolarized potentials. Data are mean values fit with Equation 3 (n ϭ 5). Half-maximal activation (V 50 ) in control occurred at Ϫ47.4 Ϯ 0.2 mV with a slope factor (k) of 3.1 mV. In the presence of L-cysteine, the V 50 was Ϫ51.8 Ϯ 0.2 mV with a k value of 3.2 mV. The voltage dependence of activation was determined using an isochronal tail-current protocol in which currents were measured at the end of a 20 ms depolarizing pulse to potentials between Ϫ70 and Ϫ30 mV (V h ϭ Ϫ90 mV). F, L-Cysteine had little effect on the voltage dependence of inactivation. Data are mean values fit with Equation 4 (n ϭ 7). Half-maximal availability (V 50 ) occurred at Ϫ70.8 Ϯ 0.3 mV with a k of 6 mV. In the presence of L-cysteine, the V 50 was Ϫ69 Ϯ 0.1 mV with a k of 5.2 mV. In the paired-pulse protocol used to assess the voltage dependence of steady-state inactivation, T-type currents were recorded at Ϫ30 mV after 3.5-s-lasting prepulses to potentials ranging from Ϫ95 to Ϫ50 mV. Normalized data for both the voltage dependence of activation and steady-state inactivation were fit with single Boltzmann functions (Eqs. 3, 4) . G, L-Cysteine increased the window period for T-type currents in T-rich cells as shown by the increased area of overlap beneath the Boltzmann distributions describing voltage-dependent activation and steady-state inactivation (data have been normalized for conductance to clearly depict the shift in availability). H, Simulation of neuronal excitability based on the biophysical properties of 4 T-type currents in T-rich cells under control conditions or in the presence of L-cysteine. Computer modeling was performed using the NEURON program and a model of thalamocortical relay neurons as described by Destexhe et al. (1998) , modified to incorporate the biophysical parameters of T-type currents in T-rich cells as described in A-G. Firing was triggered by a 2 ms, 1.7 nA stimulus from a membrane potential of Ϫ65 mV.
the spinal cord, which is a suggested physiological correlate for neuropathic pain (for review, see Levine et al., 1993) (Coderre et al., 1993; Caterina and Julius, 2001; Bhave and Gereau, 2004) . Thus, information concerning the contribution of T-type channels to peripheral sensitization in the DRG could help to define the role of these channels in chronic pain and may aid in the development of novel pain therapies. The latter is particularly important given the fact that chronic pain affects ϳ1.5% of the adult population in the United States and is often unresponsive to currently available treatments (Bennett, 1998) .
L-Cysteine augments T-type currents in T-rich cells at concentrations between 10 and 100 M. Because free L-cysteine concentrations are reported to exist in this range in blood (Suliman et al., 1997) , it appears that L-cysteine may be an important modulator of excitability in T-rich cells in vivo. Furthermore, it is possible that L-cysteine is locally present (Persson et al., 2002) or released from the blood vessels and/or skin cells at injury sites, resulting in upregulation of T-type current and, subsequently, sensitization of T-rich nociceptors in vivo.
It is well documented that T-type channels in CNS neurons can generate low-threshold Ca 2ϩ spikes, which in turn promote neuronal burst firing (Llinas, 1988; Huguenard, 1996) (for review, see Perez-Reyes, 2003) . Our present data indicate that a similar phenomenon may exist in T-rich cells. Furthermore, we demonstrate that L-cysteine shifts the voltage dependence of activation to more hyperpolarized potentials with very little effect on steady-state inactivation. By shifting activation parameters to more hyperpolarized potentials, L-cysteine widens the T-type window period, ultimately leading to a greater probability of channel opening. Thus, the effects of L-cysteine on the excitability of T-rich cells could in part result from a gating shift in the voltage dependence of T-type current activation.
The NEURON model was developed for studies of the roles of T-type currents in the excitability of thalamocortical neurons (Destexhe et al., 1998) . Our biophysical data from T-type currents in T-rich cells show many similarities to the biophysical properties of T-type currents in CNS neurons (i.e., voltage-and time-dependent activation and inactivation and a substantial window period) (Coulter et al., 1989) . Even small changes in the window period of thalamocortical T-type channels can have important functional effects on excitability (Crunelli et al., 2005) . Our simulations provide proof-of-principle support for a similar occurrence in sensory neurons and suggest that the effects of L-cysteine on the voltage dependence of T-type channel availability alone may be sufficient to produce lower thresholds for excitability. Together, our findings strongly suggest that T-type Ca 2ϩ channels are important in the control of excitability of a novel subpopulation of T-rich nociceptors and may contribute to pain symptoms such as allodynia and hyperalgesia in vivo.
